To distinguish active from inactive/chronic infection in Toxoplasma gondii-seropositive individuals, we have developed an enzyme-linked immunosorbent assay (ELISA) using specific peptides derived from Toxoplasma matrix antigen MAG1. We used this assay to measure matrix specific antibodies and pilot studies with infected mice established the validity of two peptides. The immune response against MAG1 occurs in about 12 days postinfection and displays a sex difference later on in mouse model, with males producing higher antibody titers than females. Serum samples from 22 patients with clinical toxoplasmosis and from 26 patients with serological evidence of past exposure to Toxoplasma (more than one year infection history) were analyzed. Both MAG1 peptides detected antibodies significant frequently and robustly from active stage than from the chronic stage of toxoplasmosis. The results indicate that both MAG1 peptides may be used as a tool to differentiate active from inactive infection. It also may be considered in the design of potential vaccines in humans.
Introduction
Due to the generally asymptomatic nature of toxoplasmosis, accurate differentiation between a recently acquired or reactivated infection and a past infection maintained in a quiescent state is difficult. The finding of Toxoplasmaspecific IgM antibodies does not necessarily mean an acute infection since IgM antibodies can persist in some patients with past infection [1] . Two-test strategies with IgM-capture assays and direct IgG assays followed by an assay for Toxoplasma-specific IgG-avidity ratio is presently the best option for diagnosing a recent infection [2] . However, a high proportion of infected pregnant women show persistent, lowavidity IgG antibodies to Toxoplasma [3] . As serology remains a key approach to diagnose toxoplasmosis, a large number of recombinant antigens have been produced in Escherichia coli and evaluated for their potential to serve as diagnostic markers of recent Toxoplasma infections in the past [4e6] . While more proteins could be produced and screened this strategy requires cloning, expression and purification of recombinant proteins. More recently, highly purified chemically synthesized peptides can be produced easily and in large quantities, making them potentially useful for diagnostic tests.
The pathogenesis of toxoplasmosis is related to the complex life cycle of the parasite, as well as to parasite genotype in a lower degree [7, 8] . There are two stages of asexual reproduction in the intermediate hosts including humans: tachyzoites and bradyzoites. Tachyzoites are thought to be responsible for active infection. They can transform into bradyzoites and vice versa depending on the environmental (i.e. host) conditions. The development of bradyzoites is a stress mediated differentiation response that leads to lifelong persistence in brain, heart and skeletal muscle. Bradyzoites are usually associated with chronic/inactive infection but bradyzoites are formed as early as 3 days postinfection [9] . While they cause little pathology in a healthy host but, they can reconvert into the tachyzoite stage and cause potentially fatal encephalitis, or disseminated toxoplasmosis in immunocompromised individuals [8] .
Due to the central role of bradyzoite in the parasite life cycle, we hypothesize that the cyst burden might be different between active and chronic patients. Given that development and rupture of cysts are controlled by the immune system, this work focused on determining whether cyst-specific antibody responses differ in active and chronic toxoplasmosis. Taking into account previous work [4, 10] , we focused on the bradyzoite antigen BAG1 and the matrix antigen MAG1, which are thought to be the only bradyzoite-specific proteins that are immunogenic in infection [4] . The bradyzoite antigen BAG1 is a 30-kDa cytoplasmic protein with homology to the small heat shock proteins of plants. The matrix antigen MAG1 is a protein of 65-kDa abundantly expressed within the cyst and in the cyst wall surrounding the bradyzoites. Both antigens contribute to the early stimulation of both humoral and cell-mediated immunity against Toxoplasma infection in host including humans and thus appear to play a major role in the host resistance to Toxoplasma infection [4] . In this study, we designed and synthesized several peptides from both antigens (BAG1 and MAG1), developed peptide ELISA assay to detect anti-peptide antibodies and measured antibody responses in experimentally infected mice and naturally infected humans to determine whether these responses could provide a reliable marker for discriminating active from chronic Toxoplasma infection.
Materials and methods

Selection of peptides
We designed 8 peptides (Table 1 ) from the BAG1 and MAG1 antigens of Toxoplasma based on antigenic sites predicted by the Protean program in the Dnastar Lasergene software package. The peptides were chemically synthesized by GenScript (NJ, USA).
Analysis of peptide response in Toxoplasma-infected mice
Mouse immune response against peptides over time
Male and female BALB/c mice (9 weeks old, The Jackson Laboratory, Bar Harbor, ME) were infected intraperitoneally with 400 tachyzoites of Toxoplasma Prugniaud strain (PRU, type II). A series of sera were collected at 0, 6, 12, 15, 21 and 28 days following infection. Infection was confirmed by seroconversion using a commercial ELISA assay (VIR-ELISA, Viro-Immun Labor-Diagnostika, Oberursel Germany). A second set of sera were collected at 42 days postinfection (dpi) from male and female mice to confirm sex differences in the level of IgG MAG1 antibody. Serum samples from 24 uninfected male and female mice were used as negative controls.
Analysis of the mouse immune response specificity regarding Toxoplasma stages
To determine the bradyzoite-specificity of MAG1 peptides, 8 sera were collected from mouse infected with a Toxoplasma insertional mutant [11] that does not undergo normal differentiation to bradyzoites. These sera were kindly provided by Prof. V. Carruthers, University of Michigan School of Medicine, and were collected at 0, 3, 8, 10, 12, 15, 18 and 21 dpi.
Analysis of the mouse immune response specificity regarding Toxoplasma genotypes
In order to examine whether there is a genotype difference in the MAG1 peptide antibody response, a number of sera obtained approximately 2 months after infection from mice infected intraperitoneally with three canonical genotypes have been analyzed [12] . These sera include 8 samples from mice infected with type I, 2 from mice infected with type II and 7 from mice infected with type III. Due to the small number of mouse sera infected by type II, we added a group of human sera (n ¼ 12) known to be infected with type II to this measurement (12) . Information regarding the infective stage for these 12 human sera is not available; therefore, these sera could not be used in the dataset (Table 2B) [15] . The cutoff for positivity for the Toxoplasma-specific IgG test corresponds to 4 IU/ml, according to the manufacturer's instructions. ISAGA results were scored as 0 to 12 arbitrary units as previously described [14] : anti-Toxoplasma IgM and IgA were considered positive when scores were higher than 6 in serum. A score of 6 was considered equivocal in serum. In aqueous humor, anti-Toxoplasma IgM and IgA ocular values of at least 6 and 3 were considered positive and equivocal, respectively [15] . DNA extractions were performed with the QIAamp DNA Mini kit (Qiagen) using the biological fluid protocol; Toxoplasma DNA amplification targeted the 529-bp genomic repetitive element described was performed as previously described [13, 14, 16, 17] . According to the serological and molecular results, patients and samples were classified into 3 groups, as follows: (i) Active toxoplasmosis group composed of 31 serum samples was collected from 22 infected immunocompetent individuals with known clinical outcome (Table 2A) . It includes: 7 children (12 sera) with congenital toxoplasmosis and 9 pregnant women (13 sera) who had Toxoplasma seroconversion during pregnancy, 4 sera from individuals who had ocular toxoplasmosis, 1 serum from a patient with a cerebral toxoplasmosis, and 1 serum from an individual with an active toxoplasmosis; (ii) chronic group composed of 28 serum samples collected from 26 individuals with serological evidence of past exposure to Toxoplasma (more than one year infection history, Table  2B ), and (iii) control group composed of serum samples from 19 individuals who scored negative for toxoplasmosis by serological testing.
Serotyping of Toxoplasma in human samples
A series of polymorphic peptides (GRA5-II, GRA6-_, GRA6-II, GRA6-III, GRA7-II and GRA7-III) specific to three clonal parasite lineages and derived from three dense granule antigens, GRA5, GRA6 and GRA7 were used for serological typing in human samples as described previously [12] . Briefly, the Toxoplasma serotype was determined by a two-step screening: the first step screening is to distinguish type II from type I/III infection using five peptides (GRA6-_, GRA6-III, GRA5-II, GRA6-II and GRA7-II). The second-step is to distinguish type III from type I infection using GRA7-III peptide.
Measurement of MAG1 antibodies in human and animal sera
IgG antibodies in mouse sera and human sera to MAG1 peptides were measured as follows. Peptides were diluted to 8 mg/ml in 0.1 M carbonate buffer, pH 8.5, and 50 ml of each peptide solution was loaded into a well of a polystyrene microtiter plate and incubated overnight at 4 C. Following removal of unbound peptide, wells were washed and blocked with 300 ml of Starting Block blocking buffer (Pierce, US) for 1e2 min at room temperature. Sera were tested by adding 50 ml of diluted human serum (1:100) to each well and incubating for 3 h at 37 C. The microtiter plates were washed four times with a PBS/0.1% Tween 20 solution and then reacted with a secondary anti-IgG antibody coupled to horseradish peroxidase (Southern Biotech, USA) for 2 h at 37 C. After washing in PBS/0.1% Tween 20 solution, color development was with 50 ml of H2O2 ABTS 2,2 0 -azinobis (3-ethylbenzthiazoline-sulfonic acid) (ABTS) reagent (Kirkegaard and Perry Laboratories, Inc, USA) for 50 min. Absorbance was measured using a microplate (V max , USA) colorimeter employing at 405-nm filter.
Statistical analyses
The positive cutoff values for MAG1 exposure were defined as the mean plus 4 standard deviations (SD) of the negative control samples. To differentiate active from chronic infection, a cutoff point (cutoff level for active infection) was defined using mean þ 2SD optical intensity value of the chronic infection samples. We assessed the statistical significance of differences in means (IgG reactivity) or frequencies (MAG1 peptides positivity) between the active and chronic infection group using the student's t test or Fisher's test, and a p value of less than 0.05 was considered significant in the two-tailed test.
Results
Peptide analysis and selection in mouse model
Preliminary studies were performed by measurement of antibodies to the 8 peptides derived from the BAG1 and MAG1 proteins. The amino acid composition of the peptides is depicted in Table 1 . Reactivity was measured using a series of sera from Toxoplasma infected male and female mice collected at different time points postinfection (0, 6, 12, 15, 21 and 28 dpi). With the sera tested here, remarkably distinct seroconversion in both males and females appeared at 12 dpi measured by commercial ELISA. Criteria for exclusion of unqualified peptides included (i) having less than 50% of reactivity with all seropositive sera; (ii) lacking unique reactivity when compared to other qualified peptides. Of the 8 peptides originally tested, two (MAG1_4 and MAG1_5) yielded efficient reactions and were therefore used for subsequent analyses. Fig. 1 displays the kinetics of humoral response against MAG1_4 and MAG1_5 peptides in mice during Toxoplasma infection. For MAG1_4 peptide (Fig. 1A and B) , antipeptide IgG antibodies first appeared at 15 dpi in 12.5% and 16.7% of female and male mice, respectively. The level of reactivity increased at each time point and by 28 dpi, 83.3% of sera from females and 100% of sera from males were seropositive. For MAG1_5 peptide (Fig. 1C and D) , peptide specific antibodies were first detected at 12 dpi, by which time 100% of sera from both females and males were seropositive. These MAG1_4 and MAG1_5 antibody levels remained quite stable when measured at 4 months postinfection from a separate cohort of mice (data not shown). No reactivity was detected when sera from uninfected mice were assayed. A significant sex difference in level of antibody reactivity against MAG1_5 peptide was observed at 28 dpi ( p ¼ 0.039), with male mice exhibited higher antibody level than female mice. The level of antibody against MAG1_4 showed a trend in the same direction between males and females. The sex difference in MAG1 peptide seroreactivity was confirmed using an independent set of serum samples from infected male Infected female: n ¼ 12 at 0 and 6 dpi; n ¼ 10 at 12 dpi; n ¼ 8 at 15 dpi; n ¼ 6 at 21 and 28 dpi. Infected male: n ¼ 12 at 0, 6, 12, and 15 dpi; n ¼ 9 at 21 and 28 dpi. and female mice with antibody measurements done on samples collected at 7 weeks postinfection (wpi) (Fig. 2) . In the commercial ELISA assay which uses whole tachyzoite as the antigen, such a significant difference in the level of seroreactivity between Toxoplasma infected males and females was not found between early and late time points (data not shown).
Immunoreactivity against MAG1 peptides occurs early in infection and displays sex difference in mouse model
3.3. Immunoreactivity against MAG1 peptides displays bradyzoite specificity as well as Toxoplasma type differences in mouse model 3.3.1. Bradyzoite specificity of MAG1_4 and MAG1_5 peptides 8 serum samples collected at different time points from mice infected with mutant strain that is unable to differentiate tachyzoite into bradyzoite, were used to examine the bradyzoite-specificity of the two peptides. IgG antibodies against the whole Toxoplasma organism were first detected at 8 dpi and peaked at 2e3 weeks postinfection. In contrast, none of these sera reacted with the MAG1-4 or MAG1_5 peptides (data not shown). These results are consistent with a bradyzoite-specificity of these two peptides.
Discrepant reaction of Toxoplasma genotypes with MAG1_4 and MAG1_5 peptides
Both MAG1 peptides exhibited similar reaction patterns with sera infected with one of the 3 canonical genotypes of Toxoplasma strains (Fig. 3) . For MAG1_4 peptide, the majority of sera infected with type II (1 of 2 mouse sera and 10 of 12 human sera) and type III (6 of 7 mouse sera) displayed positive reaction, while only 2 of 8 sera from mice infected with type I were positive (Fig. 3A) . For MAG1_5 peptide, all sera from mice infected with type III (n ¼ 7) displayed positive reactions; the majority of sera infected with type II (2 of 2 mouse sera and 9 of 12 human sera) had reactions. In contrast, only 3 of 8 sera from mice infected with type I exhibited positive reactions (Fig. 3B) .
Human responses against MAG1 peptides
Human active infection reacts more frequently with MAG1_4 and MAG1_5 peptides
We assayed IgG reactivity of sera obtained from 22 patients with active Toxoplasma infections, 26 patients with chronic infections and 19 uninfected controls with MAG1_4 and MAG1_5 peptides in ELISA (Table 2 and Fig. 4 ). There were no false-positive reactions in the uninfected control group. All individuals who were repeatedly sampled showed similar patterns except 1 individual with congenital toxoplasmosis, whose sample from early time point was negative but the later time point scored positive (Case No. 1 in Table 2A ). When cutoff for MAG1_4 exposure was applied (mean of negative þ 4SD ¼ 0.060), 72.7% (16 of 22) Regarding the different toxoplasmosis histories, among the 7 patients with congenital toxoplasmosis, 9 women with seroconversion during pregnancy, and 6 patients with other severe toxoplasmosis (Table 2A) 83.3% patients were seropositive to MAG1_4 using the cutoff for active infection, respectively ( p ¼ 0.028, p ¼ 0.394, and p < 0.000, respectively, Fig. 4C ). Similarly, there were 42.9%, 11.1%, and 100% patients were seropositive to MAG1_5, respectively ( p ¼ 0.005, p ¼ 0.062, and p < 0.000, respectively, Fig. 4D ).
Toxoplasma typing and human response against MAG1_4 and MAG1_5 peptides
Since sera from mice infected with type I strain showed less reactivity to MAG1 peptides, we conducted serological typing for human samples in order to examine whether lack of reactivity with MAG1 peptides was associated with Toxoplasma serotype (Table 2A) . Serological typing results showed that type II (positive reaction with one or more type II peptides designated GRA5_II, GRA6_II, and GRA7_II) is highly prevalent in both active (59.1%) and chronic (65.4%) infections, consistent with the European origin of toxoplasmosis. The second most common category for the active and chronic groups (27.3% versus 26.9%), was uncertain (lack of reactivity to all the peptides). An atypical category (reacted with any combination of three types of peptides) was found frequently in patients with ocular toxoplasmosis (50%). Since none of the human Toxoplasma was identified as type I, we were not able to document the link between a weak response against MAG1 and an infection with type I parasites we identified in our mouse model.
Discussion
In this study we have evaluated the usefulness of peptides originated from MAG1 and BAG1 antigen for discriminating active from chronic Toxoplasma infection. We targeted these I_2  I_3  I_4  I_5  I_6  I_7  I_8  II_1  II_2  II_3  II_4  II_5  II_6  II_7  II_8  II_9  II_10  II_11  II_12  II_13  II_14  III_1  III_2  III_3  III_4  III_5  III_6 I_1  I_2  I_3  I_4  I_5  I_6  I_7  I_8  II_1  II_2  II_3  II_4  II_5  II_6  II_7  II_8  II_9  II_10  II_11  II_12  II_13  II_14  III_1  III_2  III_3  III_4  III_5  III_6  III_7 Mouse sera: type I Sera: type II Mouse sera: type III Mouse Human OD cutoff for MAG1_4 exposure cutoff for MAG1_5 exposure Fig. 3 . Reactivity of sera from mice and human infected with different Toxoplasma genotypes against MAG1 peptides. Both MAG1_4 (A) and MAG1_5 (B) peptides exhibited similar discrepancies in the reaction patterns with sera infected with different canonical genotypes of Toxoplasma strains. dd : cutoff value for exposure to the peptide (mean of negative þ 4SD).
two antigens because they are thought to be the most immunogenic antigens in bradyzoite and they are known to play a role in the early stimulation of humoral and cell-mediated immunity against Toxoplasma infection in humans [4] . Among the 8 peptides studied here, we identified two peptides MAG1_4 and MAG1_5 within MAG1 antigen that were recognized by antibodies from experimentally infected mice. The humoral response against MAG1 occurs as early as 12 dpi and displays a sex difference later in the magnitude of the response among mice. Results from human samples revealed that sera from patients with active Toxoplasma infection reacted more frequently and more strongly against MAG1 peptides than sera from patients with chronic infection. This result agrees with previous reports that MAG1 antigen should be considered a marker specific for active toxoplasmosis [5] . A previous study [4] suggested that IgG antibodies against MAG1 antigen occur early (1 month) after infection. Our results confirmed and extended this finding in a mouse model, showing that an antibody response against MAG1_4 and MAG1_5 peptides occurs at as early as 12 dpi (Fig. 1) . Since bradyzoites form within a few days after infection [9] , this very early host immune response against MAG1 could originate from this transformation. MAG1 was originally identified in the cyst matrix [18] , but further experiments revealed that MAG1 is also expressed in tachyzoites and secreted into the parasitophorous vacuole, albeit less abundantly than in bradyzoites [19] . However, the MAG1 antigen expressed in tachyzoite, does not appear to induce an immune response since no reactivity to this antigen was detected in sera of mice experimentally infected with a mutant Toxoplasma strain which does not undergo normal differentiation into bradyzoites.
The MAG1 peptides exhibited discrepancies in the reaction patterns with sera from mice and human infected with the 3 canonical genotypes of Toxoplasma strains. The majority of sera infected with type II and III displayed positive reaction with both peptides, while sera from mice infected with a type I strain responded less frequently. This is consistent with previous results indicating that type II and III strains are more capable of bradyzoite differentiation than type I strains.
We observed a sex-dependent MAG1 antibody response in mice, with males producing higher antibody titers than females. Although Toxoplasma infection is more lethal in female mice than male mice [20] , the sex difference in the magnitude of the antibody response to MAG1 was observed among mice that survived for 7 weeks. One potential explanation for the sex difference in antibody response is a higher cyst burden in male mice compared to female mice. Indeed, recent data from our laboratory, obtained by counting the number of cyst from mouse brain, show males have higher number of tissue cysts than females (G Kannan and MV Pletnikov, unpublished data). However, another study reported more cysts in brains of infected female mice compared to male mice [21] . Male mice reportedly have a rapid response to infection associated with production of high levels of TNFa and IFN-r. In addition to accounting for the better controls of parasite multiplication and improved survival in male mice compared to female mice, this robust innate immune response may also support induction of a stronger humoral immune response. Interestingly, the sex-dependent MAG1 antibody response in mice was not observed in either active or chronic human infection in the current study. The sex difference in mice may be uniquely related to Toxoplasma infection of BALB/c mice. However, the skewed sex ratio (female:male ¼ 14:8) in the active group and small sample size in the chronic group (female:male ¼ 14:12) may have preclude the possibility of observing a gender difference in humans. Further studies with larger samples size are needed to address whether there is a difference in human infection. In humans, active infection exhibited higher level of MAG1 reactivity than chronic infection. We propose several potential explanations here: (i) severe infection (e.g. ocular, cerebral, and active toxoplasmosis) in patients occurs mainly through reactivation of latent cysts into the invasive tachyzoites. MAG1, located within the cyst and in the cyst wall, would be released and exposed to the immune system during the rupture of cysts. This process may account for the more frequent and stronger response to MAG1 found in sera from active, severe infection. (ii) During primary infection, the transformation of tachyzoites into bradyzoites would be expected to induce an immune response against bradyzoites. The appearance of MAG1 antibodies during the course of primary infection and then the absence of detectable MAG1 antibody in the chronic phase of infection implies that the response must wane over time. Although we could not observe any decline in MAG1 antibody levels in mice 4 months after experimental infection, the mouse may not be a good model for human infections.
One limitation of our peptide ELISA is that sera from patients with maternal seroconversion during pregnancy have less reactivity with the MAG1 peptides compared to sera from other type of active infection. This might be due to specific population characteristics, such as early stage of Toxoplasma infection when women were sampled or the use of antiparasitic drugs. The majority of sera (7 of 13) in our study had low levels of IgG reactivity in routine serology (e.g. <40 IU in standard IgG assay), an indication of a very early immune response. Pfrepper et al. [6] measured antibodies against MAG1 over time in Toxoplasma-infected pregnant women using an ELISA assay with a recombinant antigen (30e452 amino acid residues). In their study, the sensitivity for the detection of IgG MAG1 antibodies was lower (31.8%) in sera collected initially at the time of infection in contrast to sera collected at 3 months (56.9%) and between 3 and 6 months (70.0%) postinfection. Most of our samples were collected at the time of initial infection and thus are consistent with Pfrepper's results. Another possible reason for the lower level of MAG1 reactivity may be related to the effect of antiToxoplasma medications. In France, when seroconversion is detected in the mother, Spiramycin (9 MUI/day) treatment is generally started. Notably, this medicine has been mentioned to modify antibodies production [22] .
Not surprisingly, serological typing indicated that type II was over-represented in both active (59.1%) and chronic (65.4%) infection compared with other types as our human samples were originated from France. It is worth noting that atypical strain was identified in samples from two of four patients (50%) one with ocular toxoplasmosis and one with active toxoplasmosis, whereas it was absent in patients with chronic infection. Our result is in agreement with Grigg et al.'s finding [23] that unusual abundance of atypical strains associated with human ocular toxoplasmosis. Moreover, this data also indicated a possible correlation between severe toxoplasmosis and atypical serotype, as it has been recently proposed [8, 24] .
Although the reason(s) why MAG1 antigens were recognized more robustly by active than chronic infection is unknown in human immune response, the IgG reactivity to MAG1_4 and MAG1_5 peptides described here has the potential to distinguish active from chronic Toxoplasma infection. Such differentiation will help in identifying patients at high risk of developing a severe or an invasive disease, especially when they exhibit an immunocompromised status. Certainly, further and more extensive studies are required and will be performed to strengthen and specify the data presented in this study. Additionally, these peptides should be considered in the design of potential vaccines in humans given the broad recognition of them by the immune system, supporting the hypothesis that a combination of bradyzoite and tachyzoite antigens must be used for vaccine development [4] .
